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摘要 
海湾具独特自然环境条件和丰富海洋资源，为沿岸人们提供了赖以生存和发
展的物质基础。健康的海湾生态系统是沿海经济可持续发展的基本保障。随着海
岸带开发和污染物排放等影响不断加剧，我国海湾生态系统健康状况日趋恶化，
甚至危及到海湾的可持续开发与利用。保护与修复海湾生态系统是海湾生态系统
管理中重要和紧迫的一项任务。而整体性、系统性和多时空尺度的海湾生态系统
健康状况评价则是海湾生态系统保护与修复的基础。 
我国在海洋生态系统健康评价方面的研究已开展近 20 年，但在定量评价方
法及应用方面的研究尚显不足。本文提出了基于可变模糊评价模型的海湾生态系
统健康评价方法，并选取福建省代表性海湾（沙埕港、三沙湾、罗源湾、泉州湾
和东山湾）为研究案例，以期提出较为系统的海湾生态系统健康评价方法，并为
海湾生态系统管理提供直观、量化决策科学依据。主要研究内容和结果如下： 
1、海湾生态系统健康评价方法构建 
（1）评价指标体系构建及评价指标权重值确定 
基于结构-功能指标法，本论文选取了海水水质、沉积物质量、生物体质量
和海洋生物等18个指标建立了海湾生态系统健康评价指标体系。 
分别采用主观权重法（层次分析法）、客观权重法（改进熵值法）及主、客
观结合的权重折衷系数法计算福建代表性海湾生态系统健康评价指标权重值并
对三种方法的计算结果进行了比较。采用层次分析法计算的主观权重值，以海洋
生物指标的总权重最大，约占60%，初级生产力、底栖生物多样性指数、营养水
平指数、鱼卵及仔鱼密度以及生物体重金属等指标权重值较大，分别为0.1456、
0.0964、0.0929、0.0884和0.0798。采用改进熵值法计算的客观权重值各海湾均不
相同，但仍以海洋生物指标权重值最高，范围为0.4859-0.5526，与层次分析法确
定的海洋生物指标权重值0.5981比较接近，但有机污染指数、营养水平指数、鱼
卵及仔鱼密度客观权重值所占比重偏低。采用权重折衷系数法计算的指标权重值
各海湾总体均以底栖生物多样性指数指标权重值最高（0.0837-0.0869），其次为
鱼卵及仔鱼密度指数（0.0729-0.0769）和营养水平指数（0.0685-0.0753）。此外，
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浮游动物多样性指数、浮游植物多样性指数、有机污染指数以及沉积物重金属指
数指标权重值也相对较高，分别为0.0662-0.0756、0.0653-0.0738、0.0520-0.0598
和0.0543-0.0608。层次分析法计算结果基本上反映出了海湾生态系统的共性问
题；改进熵值法计算结果总体反映出了各海湾生态系统的具体情况，但会出现部
分指标权重值与各海湾实际环境状况不符现象。选用上述两者结合的的权重折衷
系数法计算结果与各海湾主要环境问题和生态特征基本吻合，可增加评价结果的
可靠性。 
 （2）海湾生态系统健康评价指标标准值赋值 
水环境化学指标标准值参考现行标准和相关参考文献确定。海洋生物
Shannon-Weaver 多样性指数 Hˊ的基准值（等级优和良的边界值）确定利用历史
与现状数据，采用序列分析方法，并结合参考文献和专家判断确定；海洋生物数
量（密度）分级的基准值（等级优和良或差和劣的边界值）确定主要以历史与现
状数据统计平均值为参考值，并结合参考文献确定。福建主要海湾浮游植物、浮
游动物和大型底栖生物 Shannon-Weaver 多样性指数 Hˊ的基准值（等级优和良的
边界值）分别为 3.5、3.2 和 4.2。 
各评价指标标准分为 5 级，分别为 1 级（优）、2 级（良）、3 级（中）、4 级
（差）、5 级（劣）。 
（3）基于可变模糊评价模型的海湾生态系统健康评价方法 
通过指标数据标准化处理、准则参数a和距离参数p四种不同组合下的综合相
对隶属度模型构建了基于可变模糊评价模型的海湾生态系统健康评价方法。海湾
生态系统健康综合评价值采用级别特征值H表示，将H值计算结果作为海湾生态
系统健康评价等级判别依据，细分为8个等级。 
2、海湾生态系统健康定量评价案例研究 
基于可变模糊评价模型对福建省代表性海湾生态系统健康状况进行了评价，
并用模糊综合评价模型对评价结果进行了可信度验证。研究结果表明： 
（1）沙埕港、三沙湾、罗源湾、泉州湾和东山湾生态系统健康评价级别特
征值 H 均值分别为 3.11±0.11、3.03±0.15、3.05±0.12，3.13±0.14 和 2.55±0.12。
除东山湾海湾生态系统健康水平为“中偏良”外，其余 4 个海湾生态系统健康水
平均为“中偏差”。 
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（2）生态系统健康综合评价级别特征值 H 值分布：沙埕港、三沙湾、罗源
湾、泉州湾、东山湾分别为 2.93-3.25、2.79-3.22、2.88-3.29、2.79-3.23 和 2.33-2.74。
H 值分布特征与各海湾有机污染指数值和营养水平指数值分布趋势基本相似：总
体呈湾顶至湾口或近岸至离岸海域降低趋势特点。径流入海区、陆源排污口区、
港口区及养殖区等海域生态系统健康水平一般劣于其他海域，沙埕港、三沙湾、
罗源湾、泉州湾 H 值在 3.01-3.29，生态系统健康水平均为“中偏差”；东山 H 值
在 2.49-2.74 之间，生态系统健康水平均为“中偏良”。“红树林海洋保护区”、“珊
瑚海洋保护区”、“大黄鱼海洋保护区”等海洋自然保护区所在海域生态系统健康
水平较优，H 值在 2.33-2.88，生态系统健康水平为“中偏良”或“良偏中”。 
（3）对各海湾生态系统健康水平产生不利影响（健康指数值大于 3.5）的主
要指标因子进行分析，沙埕港为：有机污染指数（5.00）、营养水平指数（5.00）、
初级生产力（4.90）、底栖生物生物量（4.81）、底栖生物多样性指数（3.88）、浮
游动物多样性指数（3.59）和鱼卵及仔鱼密度（3.57）7 个指标；三沙湾为：有
机污染指数（4.77）、初级生产力（4.68）、浮游动物生物量（4.64）、营养水平指
数（4.54）、底栖生物生物量（3.78）以及浮游动物多样性指数（3.61）6 个指标；
罗源湾为：有机污染指数（5.00）、营养水平指数（4.17）、生物体重金属指数（4.17） 
以及浮游动物生物量（4.01）4 个指标；泉州湾为：鱼卵及仔鱼密度（4.98）、有
机污染指数（4.61）、底栖生物生物量（4.23）、营养水平指数（4.13）以及初级
生产力（4.09）5 个指标；东山湾为：鱼卵及仔鱼密度（4.01）和底栖生物多样
性指数（3.57）2 个指标。 
（4）基于可变模糊评价模型，在准则参数a和距离参数p三种不同组合下的
各海湾生态系统健康评价结果均稳定在一个较小变化范围内，总体在一个评价等
级内，海湾态系统健康评价级别特征值H变化范围为沙埕港0.13-0.34、三沙湾
0.10-0.33、罗源湾0.07-0.23、泉州湾0.15-0.28以及东山湾0.33-0.51。模糊综合评
价模型验证结果表明，这两种评估模型所得评价结果基本是一致的，但可变模糊
评价模型所得评价结果更客观、准确、合理。 
关键词：海湾；生态系统；健康评价；可变模糊评价模型；福建 
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Abstract 
Bay has unique natural conditions and a variety of marine resources that provides 
the survival and development of material basis for the people along coast. Maintaining 
the bay ecosystem health is the fundamental guarantee for the sustainable 
development of coastal society. However, the bay ecosystem health status in China is 
degrading severely due to the rapid coastal development and overwhelming pollutant 
discharge. The protection and restoration of the bay ecosystem is an urgent task for 
the bay ecosystem management. The understanding and evaluation of bay ecosystem 
health is the scientific basis of protection and restoration of the bay ecosystem. 
However, the current research on marine ecosystem health assessment in China is still 
in the infant stage; especially the quantitative health assessment is scarce. 
This study is aimed to enrich the research on bay ecology, to improve the method 
for bay ecosystem health assessment, and also to provide technical supports for 
ecological protection and restoration of bays. Five representative bays in Fujian 
Province (Shacheng Harbour, Sansha Bay, Luoyuan Bay, Quanzhou Bay and 
Dongshan Bay) were chosen to conduct case studies. The main results of this study 
are presented in the below. 
1. The development of bay ecosystem health assessment method 
(1) The development of assessment index system and weighting methods 
18 indicators are selected in the index system covering water quality, sediment 
quality, biological quality and biology, which is developed based on the ecosystem’s 
structure-function in reference to the coastal ecosystem health evaluation system most 
used in home and abroad and in combined with the characteristics of Fujian bay 
ecosystem and its data availability.  
The weight value of the indicators are estimated and analyzed comparatively 
using subjective weights (analytic hierarchy process), objective weights (improved 
entropy method) and compromise weight coefficient methods (the combination of 
subjective and objective weights), respectively. The weight of each indicator 
determined by the subjective weight factor showed that marine biotic index dominates 
in the bay ecosystem health assessment index, accounting for about 60% of the full 
index, such as the weight of indicators in primary productivity, benthic biodiversity, 
nutrient level, fish eggs & larvae density and heavy metals in organism contribute 
0.1456, 0.0929, 0.0884 and 0.0798, respectively. The indicators with higher weights 
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basically indicate the major environmental problems in Fujian coastal ecosystem. The 
marine biotic index determined by the objective weighting methods also dominates in 
each bay system, ranging from 0.4859 to 0.5526, which is close to the subjective 
weighting results of 0.5981. The objective weights of organic pollution, nutrient level, 
fish eggs and larval density index is relatively low, which does not match the real 
situation of bays in Fujian Province. The weight estimated by compromise weight 
coefficient method varies in bays, and the benthic biodiversity index has the highest 
weight (from 0.0837 to 0.0869), fish eggs and larvae density index (from 0.0729 to 
0.0769) and nutrient level (from 0.0685 to 0.0753) comes next. In addition, the index 
of zooplankton diversity (from 0.0662 to 0.0756), phytoplankton diversity (from 
0.0653 to 0.0738), organic pollution (from0.0520 to 0.0598) and the heavy metal in 
sediments index (from 0.0543 to 0.0608) are also relatively high. This is consistent 
with the main environmental problems and ecological characteristics of the bay.  
(2) The standard value of Fujian Province bays ecosystem health assessment 
index  
Water environmental chemistry parameters’ assessing standards are determined 
in reference to the current standard and research literatures. Reference value of marine 
biological Shannon Weaver diversity index H’ is determined mainly by the sequence 
analysis of the historical and present data in reference to the research literatures and 
expert judgment. Reference value of marine biological quantity (density) is 
determined mainly by the statistical average of historical and present data in reference 
to the research literatures. Reference value of phytoplankton, zooplankton and 
macrofaunal Shannon Weaver diversity index H’ in Fujian Province bays are 3.5, 3.2 
and 4.2, respectively. 
The standard of the indicators is divided into 5 levels: grade 1 (excellent), grade 
2 (good), grade 3 (moderate), grade 4 (poor) and grade 5 (bad). 
(3) Bay ecosystem health index calculation based on variable fuzzy evaluation 
model 
Bay ecosystem health index is calculated through data normalization and the 
relative membership degree model. The grade eigenvalue H of the bay ecosystem 
health comprehensive evaluation results is calculated, and the judgment criteria 
regarding the level of bay ecosystem health is divided into eight grades. 
2. Case study in Fujian Province bays  
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The health status of representative bay ecosystems in Fujian Province was 
evaluated based on variable fuzzy evaluation model, and the credibility of results are 
validated by fuzzy comprehensive evaluation model. The results show that: 
The bay ecosystem health grade (eigenvalue H) of Shacheng Harbor, Sansha Bay, 
Luoyuan Bay, Quanzhou Bay and Dongshan Bay are averaged as 3.11±0.11, 
3.03±0.15, 305±0.12, 3.13±0.14 and 2.55±0.12, respectively. The ecosystem health 
level of Dongshan Bay is classified as “between moderate and good, mostly good”, 
and the other four bays’ ecosystem health level are classified as “between poor and 
moderate, mostly poor”. 
H values in all stations of Shacheng Harbour, Sansha Bay, Luoyuan Bay, 
Quanzhou Bay and Dongshan Bay ranged from 2.93 to 3.25, from 2.79 to 3.22, from 
2.88 to 3.29, from 2.79 to 3.23 and from 2.33 to 2.74, respectively. The distribution 
characteristics of H value is similar to that of the organic pollution and nutrient level 
index, which is decreased from the top to the mouth of the bay or from inshore to 
offshore. The ecosystem health levels of runoff, land-based sewage outfall, port and 
aquaculture sea areas are generally inferior to other sea areas, with the H value 
ranging from 3.01 to 3.29 (Shacheng Harbour, Sansha Bay, Luoyuan Bay, Quanzhou 
Bay) and from 2.49 to 2.74 (Dongshan Bay), judging the ecosystem health level as 
“between moderate and good” or “between poor and moderate” (Dongshan Bay). 
Marine nature reserve ecosystems, such as mangrove coral and large yellow croaker 
marine protected area, have better ecosystem health level than other areas, with the H 
value ranging from 2.33 to 2.88, judging the ecosystem health level as “between 
moderate and good” or “between poor and moderate”. 
The indicators that have adverse impact on the level of the bay ecosystem health 
(value of ecosystem health index is greater than 3.5) include organic pollution index 
(5.00), nutrient index (5.00), primary productivity (4.90), benthic biomass (4.81), 
benthic diversity index (3.88), zooplankton diversity index (3.59) and fish eggs and 
larvae density (3.57) in Shacheng Harbour, organic pollution index (4.77), primary 
productivity (4.68), zooplankton biomass (4.64), nutrient index (4.54), the benthic 
biomass(3.78) and zooplankton diversity (3.61) in Sansha Bay, organic pollution 
index (5.00), nutrient index (4.17), heavy metals in organisms index (4.17)and 
zooplankton biomass (4.01) in Luoyuan Bay, fish eggs and larvae density (4.98), 
organic pollution index (4.61), benthic biomass (4.23), nutrient level index (4.13) and 
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primary productivity (4.09) in Quanzhou Bay, fish eggs and larvae density (4.01) and 
benthic diversity index (3.57) in Dongshan Bay, respectively. 
The bay ecosystem health evaluation results are basically stable within a narrow 
range and generally classified as one level calculated by different combinations of 
criterion parameters α and distance parameter p in variable fuzzy evaluation model. 
The health index value ranges from 0.13 to 0.34 in Shacheng Harbour, from 0.10 to 
0.33 in Sansha Bay, from 0.07 to 0.23 in Luoyuan Bay, from 0.15 to 0.28 in Quanzhou 
Bay, and from 0.33 to 0.51 in Dongshan Bay, respectively. The results of variable 
fuzzy evaluation model are basically consistent with that of the fuzzy comprehensive 
evaluation model, which are more close to the real situation of the bays and therefore 
should be more objective, accurate and reasonable. 
Keywords: Bay; ecosystem; ecosystem health assessment; variable fuzzy evaluation 
model; Fujian Province 
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